1. Introduction {#sec1-ijms-20-00734}
===============

Ion channels are transmembrane (TM) proteins that form hydrophilic pores across the lipid bilayer, driving specific ions down the electrochemical gradient. Potassium channels (KChs) share a highly conserved signature within the pore, known as the selectivity filter, which allows for the selective passage of K^+^. However, the KCh superfamily shows high divergence among the sensing domains. This feature permits KCh gating in response to a wide variety of signals \[[@B1-ijms-20-00734]\].

From a structural point of view, KChs are classified into four groups ([Figure 1](#ijms-20-00734-f001){ref-type="fig"}). (i) KCh tetramers of 6TM/1P peptides with an intracellular N- and C-terminus. The P region, containing the K^+^-conduction pathway, is situated between the fifth and the sixth TM domain. This group includes the voltage-gated KCh (Kv) and the small and intermediate conductance Ca^2+^-activated KCh (K~Ca~). (ii) Inward rectifier KChs (Kir), the K~ATP~, and the G-protein-coupled KChs. These channels are tetramers formed by four 2TM/1P subunits. The P region is localized between the two TM domains. (iii) KChs assembled by tetramerization of 7TM/1P subunits and, unlike the other groups, the N-terminus is extracellular. In this group, the P region is located between the sixth and seventh TM domain. This group includes the large-conductance members of the K~Ca~ family. Finally, (iv) the K~2P~ family. These channels, formed by dimerization of 4TM/2P proteins, contain two P regions between the first and the second TM domain and between the third and the fourth TM domain \[[@B2-ijms-20-00734]\].

KChs regulate many physiological processes, such as cell excitability \[[@B3-ijms-20-00734]\], hormone secretion \[[@B4-ijms-20-00734]\], proliferation \[[@B5-ijms-20-00734]\], and apoptosis \[[@B6-ijms-20-00734]\]. However, the unique expression of the channel is not enough to accomplish such effects. To do so, protein localization within specific membrane compartments or organelles is mandatory. An ever-growing list of examples can be found in the literature, but a few examples are given. Lymphocytes concentrate Kv1.3 at the immune synapse to control Ca^2+^ influx during activation \[[@B7-ijms-20-00734]\] or at the inner mitochondrial membrane to regulate apoptosis \[[@B8-ijms-20-00734]\]. In addition, Kv1.3 targets caveolae in adipocytes participating in the insulin-dependent signaling \[[@B9-ijms-20-00734]\]. In myocytes, Kv11.1 is targeted to the transverse tubular network, Kv7.1 is localized to the peripheral sarcolemma and T-tubules, and, finally, Kv1.5 is concentrated at the intercalated disks and in proximity to Z-lines \[[@B10-ijms-20-00734],[@B11-ijms-20-00734]\]. Finally, neuronal Kv1 channels are targeted to axons to modulate the action potential \[[@B12-ijms-20-00734]\], whereas Kv4 channels are restricted to dendrites where they integrate and propagate excitatory impulses \[[@B13-ijms-20-00734]\].

2. Potassium Channel Biogenesis {#sec2-ijms-20-00734}
===============================

The nascent channel protein, which contains a signal sequence, is targeted to the endoplasmic reticulum (ER). Although scarce information is available about this step, TM2 functions as a signal sequence in Kv1.3 \[[@B14-ijms-20-00734]\]. The formation of the translocon structure allows for the KCh peptide to enter the ER lumen. Translocation, concomitantly with the integration of the transmembrane segments into the lipid bilayer, defines the membrane topology of the channel. Coordinately, subunit oligomerization takes place. Signatures implicating the tetramerization with members from the same subfamily are located at either the N- or the C-terminus of the subunits. Evidence also implicates transmembrane domains in tetramer formation. Additionally, folding events configure the pore and sensor domains \[[@B15-ijms-20-00734]\]. In addition to structural motifs, the association of auxiliary subunits and accessory proteins is also important in determining protein fate. Some ancillary peptides contain motifs that govern the subcellular location of the functional complex. Protein--protein interactions can provide or hide traffic motifs as well as bend the structure of the KCh, promoting specific targeting. Evidence, therefore, demonstrates that the final destination is not only a one-signal phenomenon but also depends on the equilibrium of several different inputs (motifs, accessory subunits, other partners, etc.). This balance determines the location of a channel for a specific role.

Impaired KCh traffic may lead to severe malfunctions, named channelopathies. Thus, Kv11.1 loss-of-function mutations, causing Long QT syndrome 2 (LQT2), harm channel forward traffic \[[@B16-ijms-20-00734],[@B17-ijms-20-00734]\]. Moreover, Kv11.1 gain-of-function changes, generating short QT syndrome 1 (SQT1), might also cause traffic defects. In the same vein, mutations in Kv11.1 auxiliary subunits, such as KCNE2, disrupt traffic triggering diseases \[[@B18-ijms-20-00734],[@B19-ijms-20-00734]\]. Interestingly, amino acid changes affecting Kv7.1 traffic lead to similar consequences. For instance, deletion of a C-terminal serine of Kv7.1 causes ER retention leading to haploinsufficiency \[[@B20-ijms-20-00734]\]. On the other hand, mutations altering the traffic of K~ATP~ trigger congenital hyperinsulinism and neonatal diabetes mellitus. In this case, many traffic defects are found, all increasing the density of the channel at the membrane. These include disruption of ER forward-trafficking motifs and impairment of endocytosis \[[@B21-ijms-20-00734]\]. Finally, alterations in scaffolding proteins can also dysregulate channel traffic, leading to severe diseases. For instance, mutations in caveolin 3 decrease Kir2.1 membrane density and cause LQT9 syndrome \[[@B22-ijms-20-00734]\].

3. Potassium Channel Interactions {#sec3-ijms-20-00734}
=================================

3.1. Regulatory Subunits {#sec3dot1-ijms-20-00734}
------------------------

As mentioned above, the functional diversity of KChs depends on the α-subunit conditions and the interaction with auxiliary β-peptides. These β-proteins can regulate both cellular location and function. There are two kinds of regulatory α-subunit: (i) cytosolic peptides, such as KCNAB (Kvβ), K^+^ channel-associated protein (KChAP), and K^+^ channel-interacting proteins (KChIPs); and (ii) small transmembrane proteins (KCNE).

The Kvβ members are soluble proteins that may form up to a 4:4 complex with α-subunits. The association is via the N-terminus of the α-subunit and the C-terminus of the Kvβ. Three genes encode Kvβ subunits in humans: Kvβ1, Kvβ2, and Kvβ3. Sequence alignment shows that Kvβ proteins display a highly conserved C-terminus with more than 80% sequence identity and variable N-terminal sequences. Kvβ subunits are NADPH-dependent aldo-keto reductases. Thus, changes in the oxidoreductase activity may alter the gating of Kv channels. In addition, certain N-termini confer rapid inactivation to otherwise noninactivating Kv channels. Some Kvβ members contribute to the subcellular location of the channel complex \[[@B23-ijms-20-00734]\]. However, the evidence that Kvβ subunits act as chaperones is not convincing. In fact, some Kvβs may either stimulate or attenuate Kv1-channel density at the plasma membrane. Concerning cellular locations, Kvβ subunits may help Kv1 drive axonal compartments. Thus, Kv1.2 is not targeted to the axon unless Kvβ2 is present. This scenario is only possible if Kv1.2 and Kvβ2, after assembly in the ER, travel assembled through the Golgi to reach their final destination \[[@B24-ijms-20-00734]\]. However, work in Kvβ knockout mice argues against a chaperone role because both Kvβ2 knockout and Kvβ1/Kvβ2 double-knockout mice express similar levels of Kv1.1 and Kv1.2 at the neuronal plasma membrane \[[@B25-ijms-20-00734]\]. In summary, although Kvβ subunits may help to target Kv to distinct cellular sites, this is still an open debate.

Members of the KCNE family of K+ channel subunits are short single-transmembrane glycoproteins that exhibit regulatory functions on the kinetics and cellular distribution of the α-subunits of Kv. This family comprises five members (KCNE1--5), and their effect on KCh activity has been widely studied. However, KCNE regulation of Kv traffic is complex. Sometimes, KCNE regulates the channel, whereas, in other situations, the α-subunit drives the KCNE location. For instance, KCNE members associate with Kv7.1. Although KCNEs have limited cell surface expression and lipid raft microdomain targeting, Kv7.1 improves KCNE1 cell surface expression. In addition, upon association with Kv7.1, KCNE1 and KCNE2 relocate partially into lipid rafts. Importantly, complexes situated in these domains contribute to the cardiac IKs (slow component of the delayed rectifier potassium current) \[[@B26-ijms-20-00734]\]. In contrast, KCNE4 and KCNE5 target Kv7.1 out of the rafts \[[@B26-ijms-20-00734]\], and KCNE4 association impairs Kv1.3 membrane expression and caveolar lipid raft localization while retaining the channel in the ER, which fine-tunes channel surface abundance \[[@B27-ijms-20-00734]\].

KChIPs (K^+^ channel interacting proteins), a class of EF-hand calcium-binding proteins, represent another family of auxiliary subunits. Alternative splicing of the four human KChIP genes generates several isoforms (KChIP1--4) with a variant N-terminal region and a conserved C-terminal domain containing four EF hands. KChIPs associate with Kv channels, mostly Kv4, and modulate their cell surface expression as well as their electrophysiological properties. They specifically interact with cytoplasmic domains of Kv4 α-subunits and promote a Ca^2+^-dependent membrane targeting of the channel \[[@B28-ijms-20-00734],[@B29-ijms-20-00734],[@B30-ijms-20-00734]\].

Finally, KChAP (K^+^ channel-associated protein), a member of the activated signal transducer STAT family, binds to the N-terminus of the channels. KChAP raises the functional expression and current amplitude of several Kv, including Kv1.3, Kv2.1, and Kv4.3, in Xenopus oocytes and mammalian cells without altering their biophysical properties, which supports a real chaperone role. Moreover, KChAP and Kvβ regulatory subunits may interact. Thus, Kvβ1.2 counteracts the effects of KChAP on Kv2.1 and Kv4.3, suggesting that the chaperone properties of KChAP could be mediated indirectly by association with Kvβ1.2, which further reveals a complex regulatory scenario for the auxiliary subunits \[[@B31-ijms-20-00734],[@B32-ijms-20-00734]\].

3.2. Scaffolding Proteins and Other Partners {#sec3dot2-ijms-20-00734}
--------------------------------------------

KChs may associate with a number of miscellaneous proteins to reach their final destination. Scaffolding proteins help to tether oligomeric complexes, binding multiple members within a signaling pathway in discrete areas of the cell and thus helping the functionality of the Kv complex. Scaffolding proteins contain modular domain structures that recruit many proteins forming complexes. PDZ-domain-containing proteins and SRC homology 3 domains (SH3) are the most notable. Therefore, these peptides connect KChs to the necessary signaling and trafficking molecules driving channels to target organelles. Scaffolding proteins and their partners show highly specific subcellular locations. For example, PSD-95 (postsynaptic density protein 95), also known as SAP-90 (synapse-associated protein 90), localizes in neuronal synaptic regions and drives Kv1.3 to those membrane spots \[[@B33-ijms-20-00734]\]. Discs large homolog 1 (DLG1), also known as synapse-associated protein 97 (SAP97), is also a MAGUK (membrane-associated guanylate kinase) protein known to interact with Kv1.5 and caveolin3 in raft domains \[[@B34-ijms-20-00734]\]. Caveolins are scaffolding proteins that structure caveolar lipid rafts (caveolae), driving Kv into these domains. Direct interaction with the channel occurs via the N-terminal region of caveolin, typically affecting the channel activity \[[@B35-ijms-20-00734],[@B36-ijms-20-00734]\]. Miscellaneous scaffolding proteins are a wide and variable family. Some members, such as CASK (calcium/calmodulin-dependent serine protein kinase) and some MAGUK proteins, are directly involved in driving KChs to their final location. Thus, CASK associates with Kir2 in the brain and heart \[[@B37-ijms-20-00734]\]. Furthermore, other scaffolding proteins, such as AKAP (A-kinase anchoring proteins), anchor channels to the membrane once Kv7.1 reaches the final destination \[[@B38-ijms-20-00734],[@B39-ijms-20-00734]\].

A number of proteins, not included in any specific regulatory group, are widely involved in Kv channel trafficking, and regulation will also be mentioned in this review. Thus, integrins, glycoproteins involved in adhesion to the extracellular matrix, regulate channels, such as Kv1.3. Calmodulin (CaM), a calcium-binding protein that regulates several cell processes in response to Ca^2+^, governs the traffic of Kv7 channels. Vesicle proteins, such as syntaxins and synaptotagmins, are related to movements of neuronal channels along the trafficking pathway, while modulating the adhesion or fusion to the membrane or other organelles \[[@B34-ijms-20-00734]\]. Regulatory molecules, such as 14-3-3, will also be mentioned in this work. [Figure 2](#ijms-20-00734-f002){ref-type="fig"} represents a cartoon compiling the most representative KCh auxiliary subunits and scaffolding proteins affecting traffic throughout the vesicular pathway.

4. Subcellular Targeting of Potassium Channels {#sec4-ijms-20-00734}
==============================================

4.1. Endoplasmic Reticulum {#sec4dot1-ijms-20-00734}
--------------------------

After translation, KChs are located in the ER exit sites (ERES) and are packed into COPII-coated vesicles and transported via microtubules to the ER-Golgi intermediate compartment (ERGIC). Many motifs are essential for such forward trafficking. For instance, diacidic signatures at the C-terminus of Kir channels are abundant. Thus, there is a VLSEVDETD motif in Kir1 channels, FYCENE in Kir2.1 channels \[[@B40-ijms-20-00734]\], ELETEEEE in Kir3.2A channels, NQDMEIGV in Kir3.4 channels, and DXE in Kir6.2 channels \[[@B21-ijms-20-00734]\]. Similar clusters are also present in other KChs, such as K~2P~3.2 (EDE) \[[@B41-ijms-20-00734]\], Kv1.3 (YMVIEE) \[[@B42-ijms-20-00734]\], and the HRETE sequence of Kv1 channels, which exert great influence in trafficking. Furthermore, an acidic extension of this HRETE in the C-terminus of the mouse Kv1.3 (ETEGE) \[[@B43-ijms-20-00734]\] and a cluster of acidic residues (DDXXDXXX) in a splice variant of K~Ca~1.1 \[[@B44-ijms-20-00734]\] have also been implicated.

Another example is the VXXSL sequence, which is essential for efficient Kv1.4 anterograde traffic. Variations of this domain with other members in the same family explain the relative surface targeting efficiencies for each channel. Swapping such a domain between channels interchanges their forward trafficking efficiencies \[[@B45-ijms-20-00734]\]. Finally, mutations at the C-terminal cyclic nucleotide-binding domain of Kv11.1 can also cause defective anterograde trafficking of the channel with fatal consequences \[[@B46-ijms-20-00734]\].

The association of Kvβ subunits also has a notable effect on the ER exit of Kvs. The interaction between Kv1 α and Kvβ subunits occurs in the ER early in channel biosynthesis. This assembly sometimes increases the traffic of channels to the plasma membrane. For example, Kvβ2 and Kv1.2 associate early in channel biogenesis, interacting cotranslationally, even before Kv1.2 is completely translated and translocated into the ER. The β-subunit also affects the *N*-glycosylation of the channel, mediating proper folding and traffic throughout the ER journey \[[@B24-ijms-20-00734]\].

In addition to forward trafficking motifs, ER quality controls prevent the anterograde traffic of misfolded channels. Defective proteins may undergo several rounds of folding before irreversibly being targeted for ER-associated degradation (ERAD). This mechanism mediates the retrotranslocation of the protein back to the cytosol and a subsequent ubiquitin-dependent proteasomal degradation. The mechanism for ER retention mostly consists of the exposure of retrieval motifs. Thus, di- or tri-basic signatures, recognized by COPI vesicle coats, retrieve the defective channel from Golgi back to the ER \[[@B47-ijms-20-00734]\]. An RXR motif located at the C-terminus of K~ATP~ channels is an example \[[@B48-ijms-20-00734]\]. Although many KChs also contain RXR domains, only in Kv11.1 (ERG) \[[@B49-ijms-20-00734]\] have the domains been definitively confirmed. A similar basic C-terminal signal (KRR) in K~2P~3.2 binds to COPI and drives the channel back to the ER \[[@B50-ijms-20-00734]\]. Other ER retention signals might be less discrete but otherwise widespread. For instance, hydrophobic sequences situated at the N-terminus of Kv4.2 promote channel aggregation, misfolding, and subsequent degradation \[[@B29-ijms-20-00734]\].

ER retention can be physiological and not due to unsatisfactory quality control. For instance, pore-based retention mechanisms have been described for Kv1 and Kv7. The pore region of Kv1.1 contains two critical residues for the ER retention of this channel \[[@B51-ijms-20-00734]\]. Similarly, a pore residue in Kv7.3 is responsible for an inefficient forward trafficking \[[@B52-ijms-20-00734]\]. Finally, a splice variant of K~Ca~1.1 exhibits another retention/retrieval ER mechanism, which implies a hydrophobic domain (CVLF) in the intracellular S0--S1 loop \[[@B53-ijms-20-00734]\].

Many ancillary proteins may alter KCh surface targeting. Thus, KCNE subunits are also key regulators of Kv traffic in the immune system. As mentioned above, KCNE4 impairs Kv1.3 membrane targeting while retaining the channel in the ER by two mechanisms \[[@B27-ijms-20-00734]\]. First, KCNE4 masks the forward trafficking motif (YMVIEE) at the C-terminus of Kv1.3, and second, KCNE4 contains a potent ER retention motif that further limits the surface expression of the complex \[[@B54-ijms-20-00734]\]. KChIPs are also involved in both membrane targeting and retention of KChs. Coexpression of KChIPs1--3 causes a dramatic redistribution of Kv4.2, releasing intrinsic ER retention and improving the cell surface expression via a mechanism that may involve masking of a cytoplasmic trafficking and/or solubility determinant in excitable cells \[[@B29-ijms-20-00734]\]. In contrast, KChIP2 promotes ER retention when coexpressed with Kv1.5 \[[@B55-ijms-20-00734]\]. On the other hand, Kv7 channels, such as Kv7.2, require CaM to properly fold and adopt an active conformation to exit the ER. Thus, CaM acting as a Ca^2+^ sensor confers Ca^2+^-dependence for the cell surface trafficking of the channel \[[@B56-ijms-20-00734],[@B57-ijms-20-00734]\]. Similarly, the Kv7.2--Kv7.3 complex requires a Ca^2+^/CaM-dependent mechanism for targeting the axonal surface in neuronal cells \[[@B58-ijms-20-00734],[@B59-ijms-20-00734]\]. In this vein, K~Ca~ channels are monomers at this step of the anterograde traffic. C-termini of the monomers interact constitutively with CaM, which allows for the multimerization and thus promotes the surface expression of the functional channel \[[@B60-ijms-20-00734],[@B61-ijms-20-00734]\]. Finally, K~ATP~ functional channels are formed by the association of Kir6 subunits and SUR proteins stabilized in macromolecular dynamic complexes that contain kinases, ankyrins, and other cytoskeleton and adaptor proteins. Both SUR and Kir6 contain putative ER retention motifs (RXR) that retain every subunit in the ER when expressed alone. Their association masks ER retention motifs, improving the membrane targeting of the functional complex \[[@B48-ijms-20-00734],[@B62-ijms-20-00734]\].

4.2. Golgi Sorting {#sec4dot2-ijms-20-00734}
------------------

The Golgi apparatus is at the center of the secretory pathway. The Golgi's structure of stacked flattened cisternae confers the proper environment for accurate protein maturation. Proteins entering the ERGIC are transferred through the *cis*-, *medial*-, and *trans*-cisternae to be further processed. The *trans*-Golgi network (TGN) organizes the sorting of proteins to the plasma membrane, where cargo proteins concentrate into specific pools of nascent clathrin-coated vesicles. The sorting signals that regulate such stages of KCh maturation remain largely unexplored. *Trans*-Golgi export of Kir channels is mediated by a cluster of residues located within the confluence of the cytoplasmic N- and C-terminal domains. This creates a tertiary structure that contributes to the interaction with adaptor protein complex 1 (AP1), driving the incorporation of Kir channels into clathrin-coated vesicles. This domain includes basic residues at the N-terminus and a hydrophobic cleft at the C-terminus \[[@B63-ijms-20-00734]\]. Furthermore, the sorting of KChs to specific plasma membrane compartments is already defined in the TGN. For instance, neuronal Kv2.1 and Kv4.2 are sorted into distinct pools of transport vesicles specifically targeted to proximal (Kv2.1) or distal (Kv4.2) dendrite compartments. Kv2.1 vesicles traffic by a mechanism involving myosin and actin filaments, whereas Kv4.2 vesicles depend on kinesin and microtubules \[[@B64-ijms-20-00734]\]. Several mutations that impair the post-Golgi sorting process cause the mislocalization of these channels in the neuronal membranes. Kv2.1 localizes in large surface clusters in soma and proximal dendrites due to a serine-enriched C-terminal motif, known as the proximal restriction and clustering (PRC) signal \[[@B65-ijms-20-00734]\]. Disruption of this motif triggers incorrect post-Golgi sorting, causing aberrant localization of Kv2.1 to distal dendrites. Similarly, the C-terminal dileucine motif of Kv4.2 drives dendritic targeting \[[@B66-ijms-20-00734]\], and mutations cause impaired vesicular sorting of the channel \[[@B64-ijms-20-00734]\].

In addition to polarized traffic, the packing of KChs into specialized membrane microdomains occurs at the TGN. For instance, Kv1.3 lipid raft targeting depends on a caveolin interaction through its N-terminal caveolin-binding domain (QRQVWLLF). Such an interaction could be functional at the TGN, where lipid rafts begin to structure as cholesterol is concentrated \[[@B67-ijms-20-00734]\]. Altogether, the TGN can not only direct the journey of KCh nascent vesicles but also the channel affinity for structured plasma membrane domains.

Anterograde traffic of several proteins through the Golgi requires specific golgin molecules. Thus, Kir1.1, Kv1.5, and Kv4.3 require Golgin-160 to reach the plasma membrane, even though there is no obvious sequence similarity in the cytoplasmic tails of these channels. Kir1.1 membrane traffic is also promoted by GM130. In contrast, GM130 is responsible for the Kv11.1 retention at this traffic step \[[@B68-ijms-20-00734]\]. Furthermore, Kir2.1 is recognized by Golgin-97 as an export cargo to be delivered into the TGN \[[@B69-ijms-20-00734]\]. Consequently, some Kir2.1 N-terminal motifs are required to exit the Golgi as it reaches the membrane \[[@B70-ijms-20-00734]\].

4.3. Plasma Membrane Arrangement {#sec4dot3-ijms-20-00734}
--------------------------------

Eventually, KChs are inserted into the plasma membrane. Mechanisms to maintain KChs at their target destination are needed in polarized cells. A major mechanism for protein retention involves KCh anchoring to the cytoskeleton. For instance, neuronal Kv7 channels are retained at the axonal initial segment by being anchored to the actin cytoskeleton through a C-terminal ankyrin-G-binding motif (I/LAXGES/TDXE/D) \[[@B71-ijms-20-00734],[@B72-ijms-20-00734]\]. Likewise, cortactin immobilizes Kv1.3 through an SH3 C-terminal domain (PQTP). Such an interaction at the immunological synapse suggests that the polarization of the T cell would promote Kv1.3 trapping at active sites of the actin network \[[@B73-ijms-20-00734]\]. Other arrangement mechanisms include coclustering by protein--protein interactions. For instance, a PDZ-binding motif at the C-terminal end of Kv1 channels (S/TXV) facilitates Kv1 immobilization by PSD-95 interaction \[[@B74-ijms-20-00734]\]. The effects of protein--lipid interactions on the membrane organization of KChs remain elusive, although the effects are expected to be considerable given the number of KChs that target lipid raft microdomains \[[@B75-ijms-20-00734],[@B76-ijms-20-00734]\].

Kvβ subunits modulate the cell surface expression of many Kv1 channels. Kvβ members not only promote Kv1.2 membrane targeting but also need the NADP+-binding pocket to do so. Defects in the cofactor-binding pocket reduce axonal targeting of the channel in hippocampal neurons \[[@B77-ijms-20-00734]\]. In arterial myocytes, Kvβ2, taking a chaperone role, facilitates Kv1.5 trafficking and membrane localization \[[@B78-ijms-20-00734]\].

SNARE proteins, syntaxins, and integrins help channels to reach the membrane. SNARE proteins are membrane-integrated proteins responsible for vesicle-associated exocytosis, but they can also act as a recruitment signal for proteins that must reach the membrane. KAT1, a plant Shaker-related member, shares a number of structural features with the voltage-sensitive Kv superfamily of eukaryotes. KAT1 binds the plasma membrane protein SYP121, a Q-SNARE protein, through a conserved RYXXWE motif located at the cytosolic surface of the voltage-sensor domain \[[@B79-ijms-20-00734]\]. K~2P~ and Kv2.1, as well as many other Kvs, interact with SNARE proteins and syntaxins, shaping the intracellular itinerary of the channels. However, the mechanisms by which SNARE proteins affect vesicular transport are unknown \[[@B80-ijms-20-00734],[@B81-ijms-20-00734]\].

Scaffolding proteins are also very important for membrane trafficking and protein stabilization at specific locations. The C-terminal PDZ domains of Kir channels interact with several partners that regulate intracellular trafficking. Members from the MAGUK family, including SAP91, PSD-95, Chapsyn-110, SAP102, and Veli or actin-binding LIM proteins, are scaffolding proteins related to the membrane expression of Kir channels. Thus, PSD-95 facilitates Kir2.3 clustering on the plasma membrane \[[@B82-ijms-20-00734]\], and SAP97 regulates Kir2 traffic \[[@B83-ijms-20-00734]\]. In addition, dystrophin-associated complexes are also involved in the anchoring and stabilization of these channels at the plasma membrane \[[@B84-ijms-20-00734]\].

In addition to the conventional secretory pathway, which requires COPII vesicles to exit the ER and reach the membrane, some proteins use unconventional routes to target the cell surface. These nonclassical pathways are complex and usually comprise cargo molecules with an unknown signature \[[@B85-ijms-20-00734],[@B86-ijms-20-00734]\]. For instance, Kv4.2 uses COPI vesicles, instead of COPII, but only in coexpression with KChIP1 \[[@B30-ijms-20-00734]\]. The CFTR (cystic fibrosis transmembrane conductance regulator) chloride channel uses the ER--plasma membrane (PM) junctions, which bypass the Golgi apparatus to reach the membrane \[[@B87-ijms-20-00734]\]. Concerning KChs, Kv2.1 targets and stabilizes these domains. In fact, Kv2.1 provides platforms for delivery and retrieval of multiple membrane proteins \[[@B88-ijms-20-00734],[@B89-ijms-20-00734]\]. The Golgi bypass has recently been under analysis. Thus, unknown combinations of SNARE proteins and/or specific molecules yet to be identified would drive KChs to the membrane unconventionally.

Spatially, KChs can be located in specific membrane microdomains, such as lipid rafts. Raft domains are membrane fractions enriched in sphingolipids and cholesterol that serve as scaffolding regions where signal transduction pathways interface. Proteins reach these domains via different mechanisms, such as lateral diffusion, the formation of lipid "shells" surrounding the channel, which increase the affinity for rafts, protein--lipid interactions, such as palmitoylation (see below), or protein--protein interactions \[[@B75-ijms-20-00734]\]. In this last scenario, caveolin acts as a scaffolding protein driving ion channels to raft domains. For instance, an N-terminal motif for the caveolin-1 interaction (FQRQVWLL) has been described in Kv1.3 \[[@B67-ijms-20-00734]\]. Caveolins, by impairing lateral diffusion, increase the time that KChs are located in these platforms. In addition, KChIP proteins also govern Kv4.3 targeting to lipid raft domains \[[@B90-ijms-20-00734]\]. Finally, PSD-95 is partially responsible for the lipid raft targeting of Kv1.4 and protects Kv1.3 against phorbol 12-myristate 13-acetate (PMA)-induced ubiquitination and endocytosis \[[@B33-ijms-20-00734],[@B91-ijms-20-00734]\]. Kv2.1, Kv1.5, or Kir3.1 are also found in these domains \[[@B75-ijms-20-00734]\], but no direct interaction with scaffolding or auxiliary proteins has been reported.

Mechanisms of membrane arrangement also involve channel internalization. Lysosomal endocytosis is not always associated with degradation. For instance, Kir6.x target to the plasma membrane when associated with SUR subunits. However, differential interactions between SUR members and Kir6.x channels condition the subcellular location of the complex. SUR1 targets Kir6 to the plasma membrane, while Kir6/SUR2 localizes mainly in endosomal and lysosomal compartments. In cardiomyocytes, Kir6/SUR2 complexes in endosomal compartments are in constant recycling from the membrane to endosomes. Thus, these oligomers represent a pool of available channels to dynamically regulate heart function \[[@B92-ijms-20-00734]\]. Similarly, K~Ca~2.3, a long-life membrane protein, undergoes dynamin- and Rab5-dependent endocytosis that generates a recycling endosome compartment for a quick and dynamic K~Ca~2.3 return to the cell surface. This mechanism is responsible for K~Ca~2.3 long-life membrane expression \[[@B61-ijms-20-00734],[@B93-ijms-20-00734]\].

5. Post-Translational Modifications Regulating Traffic {#sec5-ijms-20-00734}
======================================================

5.1. N-Glycosylation {#sec5dot1-ijms-20-00734}
--------------------

*N*-glycosylation promotes the surface expression of many KChs probably by reducing protein dynamics and thus increasing stability. *N*-glycosylation adds oligosaccharide chains on the luminal N residue of the N-X-S/T/C consensus sequence (where X can be any amino acid except P). This process starts in the ER, where a preassembled polymannose oligosaccharide is cotranslationally transferred to the N residue. Once in Golgi, sequential enzymatic reactions increase the complexity of the initially added glycan tree \[[@B94-ijms-20-00734]\]. *N*-glycosylation at the S1--S2 loop favors the surface expression of some Kv1 channels, such as Kv1.4 \[[@B95-ijms-20-00734]\], Kv1.2 \[[@B96-ijms-20-00734]\], and Kv1.3 \[[@B97-ijms-20-00734]\]. With similar consequences, Kv12.2 and Kv10.1 are glycosylated at the S5--P loop \[[@B98-ijms-20-00734],[@B99-ijms-20-00734]\] and K~2P~3.1 at the first loop \[[@B100-ijms-20-00734]\]. More controversial is the effect of *N*-glycosylation on the Kv11.1 traffic \[[@B101-ijms-20-00734],[@B102-ijms-20-00734]\]. In fact, *N*-glycosylation regulates gating rather than the surface expression of Kv1.1 \[[@B95-ijms-20-00734]\]. Interestingly, although Kv3.1 *N*-glycosylation is not essential for plasma membrane targeting \[[@B103-ijms-20-00734]\], *N*-glycan structures guide the spatial distribution of the channel once at the plasma membrane, with major effects on cell adhesion, migration, and cell--cell interactions \[[@B104-ijms-20-00734],[@B105-ijms-20-00734]\].

*N*-glycosylation of regulatory subunits or scaffolding proteins can also modify the traffic of KChs. For instance, glycosylation of some β regulatory proteins, such as KCNE1, having one or two N-glycan trees, drives the biogenic process of the Kv7.1--KCNE1 complex. KCNE1 can also be O-glycosylated, and altered isoforms have deleterious effects on the biogenesis of the peptide as well as on the Kv7.1--KCNE1 complex \[[@B106-ijms-20-00734]\].

5.2. Phosphorylation {#sec5dot2-ijms-20-00734}
--------------------

Phosphorylation is a reversible and dynamic PTM consisting of the transfer of the γ-phosphate group of ATP to the hydroxyl group on the side chains of Ser, Thr, or Tyr residues. Usually, the addition of the phosphate group causes significant changes in protein conformation, inducing new protein--protein interactions. Phosphorylation is enzymatically catalyzed by protein kinases and reversed by phosphatases. The existence of thousands of phosphosites and hundreds of protein kinases and phosphatases makes phosphorylation a highly versatile PTM with many different implications in the activity and, to our concern, the trafficking and partitioning of KChs.

For instance, phosphorylation of an N-terminal Ser in Kir1.1 promotes the export of the channel, overriding ER-retention signals \[[@B107-ijms-20-00734]\]. In contrast, ERK1/2-dependent phosphorylation of C-terminal T495 of Kv1.3 mediates the EGF-dependent endocytosis of the channel \[[@B108-ijms-20-00734]\]. Similarly, protein kinase A (PKA)-induced phosphorylation of S552 of Kv4.2 causes internalization \[[@B109-ijms-20-00734]\]. Intriguingly, the same S552 requires phosphorylation for an efficient KChIP-dependent Kv4.2 surface targeting \[[@B110-ijms-20-00734]\]. This fact supports the hypothesis that phosphorylation of the same residue may trigger opposing effects depending on the life-stage of the protein. Another example of the versatility of phosphorylation is that Kv1.2. phosphorylation at a C-terminal Ser in Kv1.2 enhances the cell surface expression of the channel \[[@B111-ijms-20-00734]\], whereas phosphorylation of an N-terminal Tyr promotes rapid internalization \[[@B112-ijms-20-00734]\]. Finally, phosphorylation not only regulates both forward trafficking and turnover of KChs but also can determine their arrangement within the membrane, e.g., dephosphorylation of a large Ser/Thr-rich domain in Kv2.1. The C-terminal tail dramatically disperses the somatodendritic clusters of the channel uniformly throughout the membrane of the neuron \[[@B113-ijms-20-00734]\].

14-3-3 is a ubiquitous protein that acquires scaffolding roles. This protein participates in the intracellular trafficking of membrane proteins by recognizing phosphoserine-containing motifs in the target. 14-3-3 participates in the surface expression of K~2P~ channels, such as K~2P~3.1 or K~2P~9.1. K~2P~5.1 associates with 14-3-3 at the early stages of biogenesis in the ER. This association facilitates the anterograde traffic of the channel to reach the plasma membrane \[[@B114-ijms-20-00734]\].

5.3. Redox Modifications {#sec5dot3-ijms-20-00734}
------------------------

The formation of reactive oxygen and nitrogen species (ROS/RNS) can induce the post-translational oxidative modification of proteins, usually affecting Cys residues due to their highly reactive thiol group. Redox mechanisms affecting KCh trafficking remain highly unexplored and yet are very promising, especially for our understanding of the progression of many pathologies, such as cancer or cardiovascular diseases \[[@B115-ijms-20-00734]\]. For instance, oxidative stress reduces surface expression of cardiac Kv1.5 via sulfenic acid modification of a C-terminal Cys \[[@B116-ijms-20-00734]\]. Likewise, hypoxia disrupts Kv1.3 clathrin-mediated forward trafficking from *trans*-Golgi to the plasma membrane in T-lymphocytes \[[@B117-ijms-20-00734]\].

5.4. Lipidation {#sec5dot4-ijms-20-00734}
---------------

Protein lipidation is an emerging field and regulates different properties of ion channel function. Lipidation increases protein hydrophobicity. Therefore, this process may regulate the affinity of membrane proteins for specialized membrane microdomains.

*S*-acylation is the attachment of a fatty acid to an intracellular Cys via a thioester linkage. Unlike other lipidations, *S*-acylation is reversible due to the lability of the thioester bond. Therefore, proteins can undergo several rounds of acylation/deacylation during their lifetime, leading to multiple regulatory scenarios. In most cases, the identity of the acyl chain attached to the protein is unknown. However, palmitoylation modulates the trafficking of some KChs. Palmitoylation of a single Cys residue at the C-terminus of Kv1.5 decreases the surface expression of the channel, probably raising the rate of internalization \[[@B118-ijms-20-00734]\]. The large-conductance K~Ca~1.1 is palmitoylated by different palmitoyl acyltransferases at different residues. Palmitoylation of the S0--S1 Cys enhances the surface expression of the channel. Interestingly, palmitoylation also regulates ER exit, but depalmitoylation of K~Ca~1.1 by APT1 largely retains the channel at the TGN, suggesting a major checkpoint for forward trafficking at Golgi exit \[[@B119-ijms-20-00734],[@B120-ijms-20-00734]\]. Palmitoylation of PSD-95 increases Kv1.4 targeting to lipid rafts. However, when manipulating PSD-95, no apparent modifications in Kv4.2 membrane targeting are observed. These results support the hypothesis that different subpopulations of lipid rafts may require specific signals or ancillary associations \[[@B91-ijms-20-00734]\]. Similarly, evidence supports the hypothesis that KChIP participates in lipid raft targeting only when palmitoylated \[[@B90-ijms-20-00734]\].

Myristoylation also affects the traffic of KChs. *N*-Myristoylation is the attachment of a myristoyl fatty acid to the N-terminal Gly of a target protein, usually cotranslationally via an amide bond. Similar to other protein lipidations, myristoylation can regulate protein affinity for specific membrane localizations while controlling protein--protein and protein--lipid interactions. Oddly, myristoylation also occurs post-translationally on internal residues via ester or amide bonds. K~Ca~1.1 undergoes myristoylation on Ser and Thr residues of intracellular loops 1 and 3. This lipidation modulates K~Ca~1.1 traffic to the plasma membrane \[[@B121-ijms-20-00734]\].

5.5. Ubiquitination {#sec5dot5-ijms-20-00734}
-------------------

Ubiquitination is the covalent attachment of a ubiquitin to a Lys residue of a target protein. Strikingly, ubiquitin itself can be ubiquitinated at any Lys, which increases the complexity and regulatory potential of this PTM. Monoubiquitination mostly triggers endocytosis and lysosomal degradation. For instance, Kir1.1 is endocytosed in response to monoubiquitination at the N-terminus \[[@B122-ijms-20-00734]\]. In contrast, polyubiquitination targets Kv11.1 to proteasomal degradation \[[@B123-ijms-20-00734]\]. Nedd4-2 is a ubiquitin ligase that targets KChs. Thus, Kv7.1 undergoes ubiquitin-dependent degradation via interaction with Nedd4-2 at the C-terminal PY motif of the channel (PPXY) \[[@B124-ijms-20-00734]\]. However, Kv1.3, with no apparent PY motif, undergoes Nedd4-2-mediated ubiquitin-dependent endocytosis \[[@B33-ijms-20-00734]\].

6. Mechanisms for Organelle Targeting {#sec6-ijms-20-00734}
=====================================

6.1. Lysosomes {#sec6dot1-ijms-20-00734}
--------------

Two types of KChs have been identified in lysosomes: TMEM175, which is a novel KCh with a noncanonical structure that regulates lysosomal membrane potential and pH, and large conductance, Ca^2+^-activated K^+^ (BK) channels, which regulate lysosomal Ca^2+^ movements. While the lysosomal targeting mechanisms of TMEM175 are unknown, dileucine motifs at the C-terminus of the BK channels have been identified. Dysfunction of lysosomal KChs is related to a variety of neurodegenerative disorders \[[@B125-ijms-20-00734],[@B126-ijms-20-00734]\].

6.2. Nucleus {#sec6dot2-ijms-20-00734}
------------

Some KChs have been identified at the nuclear envelope of different cell types. A putative role has been postulated, suggesting that KChs control nuclear ΔΨ, nucleoplasmic calcium movements, and, ultimately, gene expression. The targeting mechanisms and specific localization within the nuclear envelope are unclear, as is the case for K~ATP~ \[[@B127-ijms-20-00734]\], Kir2.2 \[[@B128-ijms-20-00734]\], K~Ca~3.1 \[[@B129-ijms-20-00734]\], BK \[[@B130-ijms-20-00734]\], and Kv1.3 \[[@B131-ijms-20-00734]\].

The outer nuclear membrane (ONM) is an extension of the ER. Nevertheless, it contains a distinct protein composition; hence, the existence of specific targeting mechanisms from the ER is evident. The inner nuclear membrane (INM) connects the ONM through the lateral channels of the nuclear pore complex (NPC). Integral proteins may travel from the ONM across such lateral channels to locate finally at the INM. Channels can do so by free lateral diffusion or accompanied by importins, which can recognize nuclear localization sequences (NLS) within the cytosolic domains of transmembrane proteins. Once at the INM, proteins can be retained by interactions with chromatin and/or laminins \[[@B132-ijms-20-00734]\]. NLS can be monopartite (a short basic sequence) or bipartite (two short basic sequences separated by a linker). Although the oncogenic potassium channel Kv10.1 contains a bipartite C-terminal NLS, its removal does not affect the INM localization. Interestingly, a mechanism by which plasma membrane Kv10.1 and not ER-localized Kv10.1 relocate to the INM has been postulated \[[@B133-ijms-20-00734]\].

6.3. Mitochondria {#sec6dot3-ijms-20-00734}
-----------------

An increasing number of KChs are reported in the inner mitochondrial membrane (IMM). Although the physiological and pathophysiological role of mitochondrial channels is not completely understood, intense work has been performed that points to a major role in the regulation of energy metabolism \[[@B134-ijms-20-00734]\], apoptosis \[[@B135-ijms-20-00734]\], and autophagy \[[@B136-ijms-20-00734]\]. However, little is known about the mechanisms governing the mitochondrial targeting of KChs. The inclusion of a splice exon at the C-terminal end of K~Ca~1.1 specifically sorts the channel into mitochondria \[[@B137-ijms-20-00734]\]. Similarly, a short isoform of Kir1.1 contains a canonical N-terminal mitochondrial targeting motif, which drives the channel to the IMM \[[@B138-ijms-20-00734]\]. For the rest of mitochondrial KChs, the sorting mechanisms can only be speculated. To date, the list includes K~Ca~3.1 \[[@B139-ijms-20-00734]\], K~Ca~2.2 \[[@B140-ijms-20-00734]\], Kv7.4 \[[@B141-ijms-20-00734]\], K~2P~3.2 \[[@B142-ijms-20-00734]\], K~Na~1.2 \[[@B143-ijms-20-00734]\], and Kv1.3 \[[@B8-ijms-20-00734]\].

Mitochondrial KChs are encoded by the nuclear genome because no obvious gene for a KCh is found in the mitochondrial genome. The channel protein is synthetized by cytosolic ribosomes and likely translocated into mitochondria through translocase of the outer membrane (TOM)/translocase of the inner membrane (TIM) system. Although the abovementioned Kir1.1 presents a mitochondrial targeting sequence at the N-terminus, this is far from a general mechanism, as demonstrated by BK channels. In the case of Kv1.3, an even more complex scenario is hypothesized. Thus, the plasma membrane channel could be transferred to mitochondria via ER--mitochondria contact sites, the so-called mitochondria-associated membranes (MAM) structures \[[@B6-ijms-20-00734]\]. This idea is reinforced by the fact that *N*-glycosylated proteins can be transported from ER to chloroplast \[[@B144-ijms-20-00734]\] and by the discovery of direct transfer of viral proteins between ER and mitochondria \[[@B145-ijms-20-00734]\]. However, a very interesting study about the mitochondrial sorting of a viral KCh supports the view that the channel is translocated into mitochondria through the canonical TIM/TOM system, guided by structural information encoded by the C-terminus of the channel \[[@B146-ijms-20-00734]\].

7. Heterotetramerization {#sec7-ijms-20-00734}
========================

In addition to the influence of ancillary molecules on KCh traffic, heterotetrameric associations, mostly with other members of the same family, cause potential rerouting. Kv1.3 associates with Kv1.1, Kv1.2, and Kv1.4 in the brain, and Kv1.3/Kv1.5 hybrids are found in macrophages. While homomeric Kv1.5 does not target lipid raft domains, heterotetrameric channels with Kv1.3 redirect the Kv1.5 to caveolar domains. Moreover, different stoichiometry within the complex shows different cell distribution and electrophysiological properties \[[@B147-ijms-20-00734]\]. Furthermore, heteromeric assembly of neuronal channels generates variable phenotypes. Kv1.1 is mainly localized in the ER, Kv1.4 at the plasma membrane, and Kv1.2 is found in both locations. Kv1.1. and 1.2 increase their membrane expression when assembled with Kv1.4 in a dose-dependent manner. However, when Kv1.1 is saturated, the complex formed with Kv1.4 reduces its surface targeting significantly. This again suggests an effect of the α-subunit stoichiometry on the targeting of the complexes \[[@B148-ijms-20-00734],[@B149-ijms-20-00734]\].

Kv7.2/Kv7.3 generates the M-current, which controls neuronal excitability. Kv7.3 does not form functional homotetramers on the membrane but needs the association of Kv7.2 to escape the ER and reach the cell surface \[[@B52-ijms-20-00734]\]. Furthermore, functional Kv7.2/Kv7.3 heterotetramers associate with ankyrin-G targeting the axon initial segment \[[@B72-ijms-20-00734]\].

Furthermore, complex hetero-oligomerization can also happen between different ion channels. For instance, Kir2.1 and Nav1.5 form macromolecular complexes that participate in cardiac excitability by interacting with several other partners at early stages of their secretory pathway. The complex preassembles during early forward traffic and exits the Golgi apparatus by AP1 recognition. Moreover, traffic alterations of one member affect the whole complex secretion. Thus, retention of Kir2.1 at the Golgi impairs Nav1.5 membrane targeting \[[@B150-ijms-20-00734],[@B151-ijms-20-00734]\].

8. Concluding Remarks {#sec8-ijms-20-00734}
=====================

The channel complex contains several motifs that drive its journey throughout the vesicular pathway ([Figure 2](#ijms-20-00734-f002){ref-type="fig"}). Cooperatively, association with auxiliary subunits and other interacting partners helps the channel to reach the final destination. These associations can mask or expose channel motifs that contain traffic signals. A heteromeric composition of the channel protein can also modulate traffic. Additionally, channels can undergo several PTMs with direct effects on their traffic. Mechanisms of forward traffic will favor ER exit, driving the channel to further quality controls. KChs can be either retained or retrieved into the ER. Once in the Golgi, the channel will be further matured and sorted within specific vesicles. At the plasma membrane, the channel distribution can be further spatially organized into specific microdomains. Evidence supports unconventional pathways, including direct arrival to the plasma membrane by bypassing the Golgi. Specific mechanisms can also drive the channel to other destinations within the vesicular pathway, such as lysosomes or the nuclear membrane. Additionally, KChs can reach organelles outside the anterograde vesicular pathway by alternative mechanisms, such as mitochondrial targeting. The number of channels at the destination is of great relevance for cellular physiology. Thus, a fine regulation of turnover is crucial.

Considering this, traffic regulation shows a large number of possibilities for accomplishing the proper function of channels. A certain variable in the whole process can trigger differential effects, not only at the cellular level but also at the level of whole-body homeostasis.
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![Traffic motifs and molecular interacting signatures within K^+^ channel structures. A schematic representation of each family of potassium channels. (**A**) 6TM/1P; (**B**) 4TM/2P; (**C**) 7TM/1P; and (**D**) 2TM/1P. Structural domains and post-translational modifications (PTMs) affecting traffic and the destination of different channels in each family are shown. Cartoons represent a compilation of signatures documented in each structural family. It is important to highlight that not all signatures are present in the same channel. The color code corresponds to the main dominant effect in traffic. Green, forward traffic. Red, retention/retrieval domains. Blue, membrane arrangement. Magenta, channel recycling and endocytosis. Orange, mitochondrial targeting. Basic, cluster of basic residues; Acidic, cluster of acid residues; Hydrophobic, hydrophobic clusters; LL, di-leucine motif; P, phosphorylation; U, ubiquitination; Mito, mitochondria; PDZ, domains.](ijms-20-00734-g001){#ijms-20-00734-f001}

![A schematic representation of traffic mechanisms and molecular associations of K^+^ channels through the secretory pathway. Different shapes represent molecules (see list on the right) known to associate with channels in different compartments. Channels are not depicted. Arrows represent major directions of either retrograde or anterograde routes. Newly synthetized peptides, bearing endoplasmic reticulum (ER) signatures, translocate to the rough ER where the association with Kvβ regulatory subunits takes place in early steps of the biogenesis. Different interactions and motifs balance between forward traffic or ER retention. Regulatory subunits, such as KCNEs, and accessory molecules, such K^+^ channel-interacting protein (KChiP), 14-3-3, or calmodulin, interact with channels at this step. Conventional mechanisms dictate that regardless of whether anterograde traffic is promoted, cargo channels are processed along the COPII machinery driving to Golgi. Once in Golgi, channels either forward traffic to the cell surface or undergo retrograde transport to ER via the COPI pathway. Molecules, such as Golgin, caveolin, or clathrin facilitate channel routes to the surface. Accessory molecules, such as MAGUK, dystrophin, syntaxin, integrins, or caveolins stabilize channels at the final destination (e.g., lipid raft microdomains and caveolae represented by a thicker part of the membrane and an invaginated omega-shaped structure, respectively). Turnover mechanisms, such as internalization, are mostly mediated by clathrin-coated pit-dependent endocytosis. Alternatively, unconventional pathways are also facilitated by auxiliary subunits assembling the channels. Thus, export from ER via COPI vesicles requires KChiP interaction. Direct contacts with the plasma membrane (PM) and further stabilization with SNARE at the ER--PM junctions are documented. However, most proteins implicated in this unconventional traffic remain unknown. It is important to highlight that mechanisms could differ depending on the KCh and the interacting protein. See text for further details.](ijms-20-00734-g002){#ijms-20-00734-f002}
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